INTERNATIONAL MATHEMATICAL PROFICIENCY
The Program for International Student Assessment (PISA) is a test given every three years to a statistically representative sample of more than 500,000 15-year-old students from around the world. In the PISA math test, the US ranks 38th among 72 participating countries and entities. Figure 1 shows that the leaders in PISA math scores are located in the northwestern Pacific Rim, followed by Scandinavia and central Europe (www.oecd.org/pisa/pisa-2015-results-infocus.pdf). Interestingly, many of the nations that scored well in the PISA math test tend to place more emphasis on teaching critical-thinking skills than the US, which places 48 percent emphasis on teaching critical thinking and 42 percent on reinforcing traditional academic skills and discipline. 1 These numbers also reflect an apparent shift in international economy, where engineering and business combine to innovate high-demand international technology markets. The "Asian Tigers" (South Korea, Taiwan, Singapore, and Hong Kong), all ranking near the top in PISA math scores, are emergent leaders in industrialization and trade. Together, these nations provide a significant challenge to Japan, a powerful economic and financial engine and a top performer in PISA math scores. Singapore, Taiwan, and Hong Kong also offer intriguing glimpses into China, which is emerging rapidly as a world economic power. 2 In the realm of financial technology, China shows the fastest adoption rate for financial apps (see this issue's Guest Editor Introduction), followed by India, a non-PISA participant. Figure 1 . 2015 Program for International Student Assessment (PISA) scores for math (adapted from www.oecd.org/pisa/pisa-2015-results-in-focus.pdf). The US score is in red, and the OECD average (the mean of the data values for all OECD countries for which data are available or can be estimated) is in yellow.
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SPEED OF TECHNOLOGICAL ADVANCES
Because applied mathematics underlies engineering, the importance of many aspects of computer science (and most of the "hard sciences" such as physics, chemistry, advanced biology, and astronomy) cannot be underestimated. This is particularly true as network mathematicsbased algorithms increasingly transcend almost all scientific fields. 3 Moreover, similar mathematical formulations underlie financial networks such as online retailing, finance, insurance, and marketing. The strategies these formulations support and the tradeoffs they create involving individual privacy are all driven by algorithms, relying heavily on the heretofore obscure world of graph theory. The mathematical formulations that underlie and occasionally bias algorithms that affect us daily, however, are appreciated by very few citizens worldwide. Nonetheless, their consequences are widespread. Some argue, for example, that the relatively new search index and page rank algorithms have already wrought far-reaching effects on human social behavior. 4 The rise of algorithm-aided addictive behavior among Internet users, gamers, smartphone owners, and social media participants has become a matter of international concern. Computer addiction has been estimated to involve some 6 percent of the world's population (456 million people). 5 Thus, it becomes important for societies to learn to understand and think critically about algorithms that are changing lives, sometimes for the worse.
Even if the underlying mathematics are too exotic for most, algorithms can have secondary consequences. In the world of financial technology, for example, cryptocurrency has become increasingly popular. The mechanics underlying blockchain algorithms, which drive cryptocurrency such as Bitcoin, play significant roles but are often ill-understood by Bitcoin aficionados. If skewed, the blockchain mining process can allow monopolies to take control of the (seemingly independent) distributed cryptocurrency. 6 Moreover, the cryptocurrency blockchain mining process has consumed in aggregate more electricity than individual countries, including Ireland, Nigeria, and Uruguay. 7 This energy demand will only grow as more than 1,300 existing cryptocurrencies vie for market position and Bitcoin value continues to fluctuate (www.livecoinwatch.com). These realities, however, seem to have little bearing on the recent Bitcoin "get rich quick" frenzy. Rather than "buyer beware," however, American culture seems to have turned toward "buyer be in awe."
CULTURAL SHIFTS TOWARD DETACHED REALITY
An analysis of entertainment offers interesting insight into "buyer be in awe" when it comes to algorithm-driven technologies. Of the 100 top-grossing domestic films dating back to 1975, 63 percent involve some form of detached reality. Of this 63 percent, 21 percent are science fiction movies, 21 percent are superhero movies, and 21 percent are fantasy movies. Only 16 percent of the 100 films are classified as dramas, contemporary films, or historical fiction. The remaining 21 percent fall in the children's fiction category, which are frequently animated films that border on fantasy (www.the-numbers.com/box-office-records/domestic/all-movies/cumulative/all-time).
Among books with more than 50 million domestic copies sold (not including the Bible), 41 percent (volume) and 38 percent (gross sales) were categorized as fantasy novels (https://en.wikipedia.org/wiki/List _of_best-selling_books). Fantasy books have dominated sales in the past three decades.
This cultural reliance on fantasy entertainment-combined with rampant misinformation on the Internet and numerous heavily biased media outlets-reinforces a widespread cultural view that serves to obviate algorithmic critical thinking. This form of cultural sublimation might play a role as people form opinions that eventually become firm beliefs. Although a direct correlation is indeed elusive, one can surmise that the large market for escapism contributes to climate change denial, the "flat Earth" movement, vaccine avoidance, and other myths that bypass established scientific realities. 8 The concept of "math anxiety" also appears to have deep cross-generational cultural roots. It is often the case that adult attitudes influence K-12 students not to pursue math, as it is often viewed as difficult, impersonal, and not practical in daily life. Mathematics often implies proficiency, and timed tests can be terrifying to students who fear performing poorly in a perceived competitive environment. 9 Finally, while highly relevant in today's society, modern algorithmic thinking seldom appears in classrooms.
SOFTWARE-INDUCED UNCERTAINTY
Practical mathematics is changing drastically. Many systems built today depend on nonlinearity, which requires an entirely different way of thinking from the kind of mathematics taught in grades K-12. This is profound, as software-perhaps the most disruptive technology of the past century-has changed dramatically from its initially simple cause-and-effect relationships to create a world where outcomes are often driven by uncertain paths among many interconnected nodes. This alone confounds the engineering process, which typically requires dependably precise outcomes.
Scaling laws have shown some consistent behaviors as scale increases. For example, the larger the organism, the less energy it takes to sustain it throughout its lifecycle. This can be measured across nature as a logarithmic constant power-curve exponent of .75. Such a curve is said to be sublinear as it represents energy requirements decreasing as mass becomes larger as opposed to a one-for-one ratio of linear energy to mass ratio. Likewise, large urban areas grow at a rate where the larger the populace, the greater the return in productivity. Conversely, the measurable constant exponent of 1.15 represents a superlinear relationship whereby cities become increasingly productive (for example, patents and wages) as they grow in scale. Unfortunately, urban infrastructure grows at sublinear rates, creating some interesting urban tensions. Each of these phenomena, however, are governed by exponents which tend to define constant powercurve relationships among bounded complex adaptive systems as they scale. 10 Figure 2 differentiates between superlinear and sublinear relationships compared to linear relationships. Such ratios are not always quite so consistent, and this is increasingly the case with software. Depending on the algorithms, software-driven systems might scale at sublinear, linear, or superlinear rates, as has been the case in free and open source software (F/OSS). 11 This compounds software performance where large-scale software integration yields nonlinear behavior and begins to exhibit complex adaptive characteristics. Simply stated, in a complex adaptive system, component behavior is not a good predictor of systemic behavior, as the whole is greater than the sum of the parts. Thus, systems integration becomes highly problematic and requires an entirely new temporal graph perspective to both quantify and qualify the resulting complex adaptive behaviors.
COMPOUNDING TRENDS
This software integration problem also applies to financial technology. For example, the rules for simple peer-to-peer apps such as M-PESA 12 are relatively straightforward. These rulesets begin to compound as data from multiple apps are absorbed to scale into ever-larger big data systems spanning multiple domains. Because software might or might not scale consistently, however, system performance must be designed and evaluated on the basis of applied mathematics. If the resulting system is indeed nonlinear, components might aggregate in such a fashion as to create tipping points which lead to unexpected and often catastrophic system failures. The inherent nonlinearity of existing high-speed trade networks already compounds outcome predictability. 13 This is exhibited by automated high-speed trading systems-when reaching a tipping point, they actually require a temporary suspension of trading. As speeds increase, the time-distance relationships involved in trading also begin to matter.
The growing interest in artificial intelligence (AI) and machine learning (ML) promises to influence financial technology. AI and ML lend levels of nonlinearity that will be training dependent, require extraordinary tweaking to optimize, and, at best, will present difficulty in truly verifying and validating measurable performance over time. Worse, algorithms underlying AI-such as ML, deep learning, or neural nets-use varying mathematical combinatorial techniques to achieve very specific results. The understanding of the underlying mathematics makes selecting among competing AI/ML algorithms more than an "off-the-shelf" acquisition decision. Interestingly, however, demand for ML expertise grew dramatically in 2017.
14 This suggests that new ML hires might be those with underdeveloped mathematical skills who will select AI/ML based upon something other than rigorous, measurable, outcome-based specifications.
To avoid a growing trend toward exploitation, financial technologies will require real-time cybersecurity, often at millisecond speeds, to protect not only the systemic assets but also the assets they are designed to protect and manage. These technologies are increasing in dynamic interaction. Nonlinear systems already operate over interconnected networks of networks and soon will require applied graph mathematics to provide minimal assurance. The basics of even appreciating such systems, much less the new mathematics underlying their behavior, are mostly nonexistent in K-12 and undergraduate classrooms.
CONCLUSION
Data leaks and hacks vividly demonstrate what happens when systems are not well understood, poorly designed, or mismanaged. Often, ruthless people or rogue corporations and nation states will exploit or misuse cyber-based technology for their own malicious purposes. Too frequently, they leave long trails of human suffering in their wake. The only true antidote to this form of man-made "singularity" is applied knowledge of the consequences of algorithms: an awareness that is openly shared and celebrated.
It is important to encourage critical thinking when applying mathematically based algorithms. This goes well beyond code camps and coding in the classroom, although such fundamental training is essential for all K-12 students. Rather, it requires instilling students with a shared understanding of what drives modern algorithms, how to appreciate them, and, ultimately, how to develop new ones. It means showing why mathematical understanding is essential to building and sustaining the increasingly networked and complex worldwide economy, how things can go wrong, what the effect of scale might actually be, and, most importantly, why it is important that people fully understand the integrated systems and networks that increasingly surround us.
To do so poses a monumental challenge for all educators to grasp the meaning of algorithms and relay these realities in a pragmatic and truly inspiring way to their students. This requires unprecedented creativity and profound appreciation that network-induced uncertainty increasingly pervades the otherwise precise mechanisms that engineers have traditionally been trained to build. It requires nothing short of a cultural shift that rewards gifted teachers and a strategic realignment of curriculum, as promoted by the late statistician W. Edwards Deming. Well-aligned curriculum demands dedicated teachers who truly understand and are enthusiastic about their subject matter. They must impart their knowledge in a way that makes it personal, relevant, exciting, and nonthreatening.
